Objectives: To investigate the combined effects of size at birth and maternal education on prevalence of overweight and obesity among 18-year-old men. Methods: We studied the associations of weight for gestational age and maternal education with body mass index (BMI), overweight and obesity by multivariate linear and logistic regression, adjusted for mother's age, parity and diabetes in a registerbased cohort of 6535 men born between 1973 and 1985. Further adjustments for mother's height, pre-pregnancy weight, weight gain and smoking during pregnancy were made in a subsample of 1103 men born between 1982 and 1985. Results: Mean BMI and prevalence of overweight and obesity decreased with higher maternal education. Mother's BMI and smoking were the strongest predictors of sons' overweight and obesity and essentially accounted for the variation in son's overweight by maternal education. The association of size at birth with later overweight was present only in sons born to mothers who were nonsmokers (odds ratio per 1 standard deviation weight for gestational age z-score 1.46, 95% CI 1.18-1.81) and became substantially reduced on adjustment for mother's pre-pregnancy BMI. Length of gestation was not statistically significantly associated with BMI at age 18. Conclusions: Maternal overweight and maternal smoking were the strongest determinants of offspring overweight and its social patterning, and should be a priority for public health policies.
Introduction
The prevalence of overweight and obesity in adults, adolescents and children has increased substantially in Sweden during the last decades. [1] [2] [3] Similar to other European countries, 4 there is a strong social gradient in prevalence of overweight and obesity in Sweden. Inverse educational gradient in obesity has been documented in both males and females aged 16-84 years. 5 In addition to the effects of adult socioeconomic position, factors related to disadvantaged social origins appear to increase the risk of obesity in adults. 4, [6] [7] [8] Body mass index (BMI) and the prevalence of overweight and obesity among young Swedish men are related to their mothers' education, and these social inequalities increased during the past three decades. 9 Many studies suggest links between greater size at birth and higher risk of overweight and obesity in later life, [10] [11] [12] and it is of interest to explore how these mechanisms contribute to social gradients in obesity. As mean birth weight tends to be generally higher in advantaged social groups, 13, 14 the inverse gradient of maternal education and offspring obesity appears paradoxical and raises questions on whether and how size at birth is related to obesity in different social groups.
Mother's glycaemia [15] [16] [17] and mother's BMI [18] [19] [20] [21] are also related to overweight and obesity in the offspring. Whether the statistical associations of size at birth with later obesity are driven by maternal obesity or gestational diabetes is not fully established. [22] [23] [24] An independent effect of maternal smoking during pregnancy on obesity in the offspring is now well documented. 23, [25] [26] [27] In contrast to the effects of mother's BMI or gestational diabetes, which are associated with greater size at birth in offspring, smoking during pregnancy is known to lead to intrauterine growth retardation and a substantial reduction in offspring size at birth. 28, 29 Higher risk of obesity in the offspring born to mothers who smoked during pregnancy appears inconsistent with the offspring's generally lower foetal growth rate, and it remains to be established whether the associations of size at birth with later obesity are a universal phenomenon, present in all children regardless of their mother's smoking status during pregnancy. We investigated the combined effects of size at birth and maternal education, BMI and smoking during pregnancy, on prevalence of overweight and obesity among 18-year-old men. The main objective of our analyses was to detect intergenerational determinants of social variation in overweight and obesity.
Methods
The cohort was created as a linkage of data from the Swedish Multigenerational Register, Military Service Conscription Registry, Medical Birth Registry and LOUISE database, using personal identification numbers to link information on members of families originating from a cohort born in Uppsala between 1915 and 1929 (www.chess.su.se/ubcosmg).
There were 8109 boys born from singleton pregnancies to offspring of the Uppsala Birth Cohort from 1973 to 1985, of whom 6613 (81.5%) underwent a conscript examination including body height and weight measurements in six conscript offices by the end of 2004. Among the 1496 men who were not examined at conscription, there were 91 men who died and 61 men who emigrated before the end of 2002. The proportion of men examined at conscription decreased gradually from 90.9% in those born in 1973 to 58.4% in those born in 1985, reflecting a decreasing proportion of men drafted into army over the period.
Height (without shoes) was measured to the nearest centimetre and weight (in light underwear) was measured in kilograms. BMI was calculated as weight/height, 2 and underweight, overweight and obesity were defined according to the WHO criteria (BMI o18.5 kg/m 2 underweight, BMI 25 þ kg/m 2 overweight or obesity, BMI 30 þ kg/m 2 obesity). All analyses presented in this paper are adjusted for office where the examinations were carried out. Data on the men's birth weight and length of gestation and maternal history of diabetes were obtained from the Medical Birth Registry, and gender-specific z-scores of birth weight for weeks of gestation were calculated using the cohort as a reference. Birth weight and birth weight for gestational age were analyzed both as quintiles of the respective distribution and as continuous variables. Information on the men's birth weight and length of gestation was missing for o1% men.
Information on mother's education was obtained from the LOUISE database and classified into three categories: elementary (p10 years), secondary (11-12 years) and postsecondary (13 þ years). The data on mother's education was missing for less than 1% of men in the study. Multivariate analyses of associations between maternal education, sons' size at birth and BMI at conscription were performed in 6535 men born between 1973 and 1985.
In a subsample of men born between 1982 and 1985, we were also able to study the effects of maternal height, prepregnancy weight (later combined into maternal BMI), weight gain during pregnancy, and smoking at enrolment for antenatal care (classified as smokers and nonsmokers). Similar information was not routinely collected by the Medical Birth Registry before 1982. Among the total of 2531 men born to the UBCoS offspring from singleton pregnancies between 1982 and 1985, 18 men died and 39 emigrated before the end of 2002. There were 1657 (65.5%) men born between 1982 and 1985 who underwent a conscript examination for body size, of whom 1103 (66.6%) had complete data on birth weight for gestational age and maternal characteristics used in multivariate analysis. Of the 554 men excluded from multivariate analysis, most had missing data on mother's height or pre-pregnancy weight (435 men) or smoking during early pregnancy (317 men).
We carried out analyses to assess potential biases due to restrictions to subsets with no missing data. Throughout the study period, sons of mothers with post-secondary education (84 vs 82% with middle or lower education) and those born after 38 þ weeks of gestation (83 vs 76% born preterm) were statistically significantly more likely to have completed body size examination at conscription. On the other hand, across the social groups, a similar proportion of men born between 1982 and 1985 were excluded from multivariate analyses because of missing data on maternal characteristics. Men born between 1982 and 1985 who had missing data on maternal BMI or smoking had by 0.1 standard deviation (s.d., 95% CI 0.0-0.2) lower birth weight for gestational age compared to those included in multivariate analyses, the difference was of borderline statistical significance.
Since men with a known diagnosis of severe physical or mental handicap are excluded from the evaluation tests carried out by military service, our sample is likely to include a higher proportion of healthy 18-year-old men, compared to general population. Due to a restriction of our sample to descendants of men and women born in Sweden, men of non-Swedish origin are underrepresented in our study.
The data were analyzed in STATA and SAS, using linear and logistic regression. A cluster analysis in STATA with a unique identifier of mothers was used to account for the correlated observations in maternal siblings. The main objective of our analyses was to investigate whether variation in size at birth, maternal diabetes, maternal BMI and maternal smoking contributes to the differences in offspring BMI between groups of women with different levels of education. Our strategy of analysis was based on linear and logistic regression models with and without adjustments for the variables under study. Estimates of the effect of maternal education on son's BMI before and after the adjustments are presented.
The study has received a full approval from the Regional Ethics Committee in Stockholm.
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Results
Mean BMI and proportion of underweight, overweight and obese men The majority of men (85.2%) were examined at age 18 (range 18-23), and there were no differences in mean age at examination between sons of mothers with different education (data not shown). The mean BMI was 22.3 kg/m 2 (s.d.
3.3)
, and there were 5.8% underweight, 78.5% appropriate weight, 12.3% overweight and 3.4% obese men (Table 1) . Mean BMI and the prevalence of overweight and obesity increased with the later year of birth, the increase in mean BMI was 0.07 (95% CI 0.05-0.09) kg/m 2 per calendar year.
There was a clear gradient of increasing mean BMI and increasing prevalence of overweight or obesity with lower maternal education ( Table 1) . Mean birth weight was higher and the proportion of preterm births was lower among sons of more educated mothers (Table 1 ). Compared to sons of mothers with elementary education, the birth weight for gestational age z-scores of sons of mothers with secondary and postsecondary education were on average 0.07 (95% CI 0.00-0.14) and 0.16 (95% CI 0.09-0.23) s.d. higher, respectively.
Association of birth weight for gestational age with BMI and overweight at age 18 Higher birth weight for gestational age at birth was associated with higher BMI at conscription with an increase in mean BMI, adjusted for age and period of birth, from lowest to higher quintiles of birth weight for gestational age distribution of 0.24, 0.28, 0.27 and 0.87 kg/m 2 (P-value linear trend o0.001), adjusted for age and period of birth. The strength of the association between birth weight for gestational age and BMI did not differ significantly between men from different social groups defined by mothers' education, even though we noted a tendency to stronger association in sons of women with lower education (data not shown). In the total sample, adjusted for age, period of birth, mother's age at delivery and parity, 1 s.d. increase in birth weight for gestational age was associated with an increase in BMI at conscription of 0.27 (95% 0.18-0.35) kg/m 2 and with an odds ratio of 1.12 (95% CI 1.04-1.20) for overweight or obesity. Birth weight was also positively associated with BMI at age 18, and this association was strengthened on adjustment for length of gestation, suggesting that foetal growth rate, rather than absolute size at birth, is related to later overweight and obesity. The increase in BMI associated with a 1 kg increase in birth weight was 0. 35 Social and early-life determinants of obesity I Koupil and P Toivanen other hand, birth weight for gestational age z-score showed an identical effect on BMI or overweight/obesity whether analyzed alone or adjusted for gestational age. Birth weight for gestational age z-score was thus a better predictor of BMI and risk of overweight or obesity at age 18 than the birth weight or birth weight adjusted for length of gestation, and is used in subsequent analyses of size at birth. The association of maternal education with sons' BMI or risk of overweight or obesity was not affected by adjustments for mother's age at delivery, mother's diabetes or the men's birth weight for gestational age ( Table 2) .
Can other maternal characteristics explain the social variation in BMI or the association of foetal growth rate with later obesity? In a subsample of men born between 1982 and 1985, we were also able to investigate other maternal characteristics and their role in mediating the social variation in BMI at age 18 and the associations of size at birth with later BMI and overweight or obesity. We noted a higher mean BMI and higher overall prevalence of obesity, and consistent social gradients in mean BMI and prevalence of overweight and obesity, in this subsample compared to men born between 1973 and 1981. Mother's height, mother's pre-pregnancy BMI and prevalence of smoking during early pregnancy in particular showed clear gradient with the level of mother's education in 1103 men born between 1982 and 1985 with complete data for analysis ( Table 3 ). The relatively higher mean birth weight and lower proportion of preterm births among sons of mothers with lowest education was due to a higher proportion of mothers of parity 3 or higher in that group.
Mother's pre-pregnancy BMI and smoking during early pregnancy had a strong effect on mean BMI and risk of overweight or obesity at age 18 (Table 4) . These effects remained largely unchanged on adjustment for maternal education, parity or mutual adjustments. Maternal smoking and maternal BMI explained a substantial part of the social variation in sons' BMI. In fully adjusted analyses, the association of maternal education with sons' BMI became considerably weaker or even changed its direction (Table 4) . Further adjustments for birth weight for gestational age at birth did not have any effect on the associations shown in Table 4 . Pre-pregnancy weight, weight gain during pregnancy or maternal height was not associated with the offspring BMI in multivariate analyses (results not shown).
When investigating the contribution of maternal BMI to the association of size at birth with later BMI and overweight, we noted that the association of size at birth with later BMI was present only in sons born to mothers who did not smoke during early pregnancy (Table 5) . One s.d. of birth Social and early-life determinants of obesity I Koupil and P Toivanen weight for gestational age was associated with an odds ratio for overweight or obesity of 1.46 (95% CI 1.18-1.81) in sons of mothers who did not smoke during pregnancy and with an odds ratio of 1.01 (95% CI 0.77-1.32) in sons of mothers who smoked during pregnancy (P value for statistical interaction, 0.024).
Mother's pre-pregnancy BMI was strongly associated with sons' BMI at age 18 in both smoking and nonsmoking mothers and was not substantially affected by adjustments for maternal height, parity or education. Correlation between maternal and sons' BMI accounted for a substantial proportion of the association between size at birth and later BMI (Table 5) .
Discussion
Birth weight for gestational age, maternal smoking and maternal BMI were positively associated with overweight and obesity in Swedish men born between 1973 and 1985. The effect of standardized birth weight was present only in the offsprings born to mothers who did not smoke during pregnancy, and it did not contribute to the strong social gradient in overweight in the offspring generation. Maternal smoking and maternal BMI appear to be the main sources of intergenerational transmission of social inequalities in BMI.
Our register-based study depends crucially on the quality of routine data collected by the Medical Birth Registry and within the LOUISE database and on the measurements taken and recorded by the conscript offices. The information collected by the Medical Birth Registry is regularly evaluated for its completeness and validity, is generally considered to be of good quality and is frequently used in epidemiological research. Our own consistency checks also indicate that the completeness and quality of data collected within the Swedish routine registration systems is very good. We believe that maternal education is a valid and relevant indicator of socioeconomic position in women of childbearing age in our study. We did not have access to formal evaluation of the quality of data collected by the conscript offices. Data from the same source has been successfully used in previous research on developmental origins of circulatory diseases in Sweden. 30, 31 The issues of missing data in our study stem mainly from the limitations on availability of data in the routine registers (for example, data on smoking during pregnancy were not collected by the Medical Birth Registry until 1982) and the Social and early-life determinants of obesity I Koupil and P Toivanen participation rate in conscript examinations. Data on size at birth and maternal education are virtually complete for all the study subjects. Since the investigations are nested within an intergenerational study of health inequality in three generations of Swedish men and women, recent immigrants are under-represented in the analysis. The men in our sample were on an average 0.5 cm taller and by 0.04 kg lighter than men in a recent nation-wide study of Swedish conscripts, 1, 9 and the overall estimates of mean BMI and prevalence of overweight and obesity are slightly lower in our study (a difference in mean BMI of o0.2 kg/m 2 and in prevalence of overweight or obesity of o1%). It is also possible that the gradient in social inequality in BMI in our study may not be truly representative of the whole Swedish population. The restrictions on availability of data on maternal BMI and maternal smoking limit the statistical power of our multivariate analyses that explore these particular determinants of offspring's BMI. However, we believe that the study is fairly representative of the Swedish population and that the patterns of data missingness do not affect the validity of our main results. Our study is largely consistent with the previous reports on associations of birth weight with overweight among young people. 30, 32 Unlike a previous study of 75 000 Swedish men born between 1975 and 1976, 30 we did not have sufficient power to study extreme categories of birth weight for gestational age and the shape of the association between size at birth and BMI appeared to be linear rather than J-shaped in our study. Previous studies of young people and adolescents did not explore the modifying effect of maternal smoking on associations of size at birth with later overweight or obesity. There are, however, reports on different patterns of postnatal growth in young children born to mothers who smoked during pregnancy. [33] [34] [35] A Scandinavian study of children born in late 1980s found a complete catch-up growth in weight, and a partial catch-up in height during the first 5 years, leading to higher prevalence of obesity at 5 years in children of smokers. 33 In the ALSPAC study, infants of maternal smokers showed complete catch-up growth in weight over the first year of life but remained shorter during a 5 year follow-up. 34 Canadian children born in 1998 who were overweight at 4.5 years, and who were born to smoking mothers started their life with a birth weight around that for the population mean, but they gained more weight than children from nonsmoking mothers in the first 5 months of life. 35 Children who were overweight at 4.5 years but who were born to nonsmoking mothers began life with higher weight than the population mean, did not gain more weight than the population mean between birth and 5 months, and had lower weight at 4.5 years than did those born to smoking mothers. 35 Although postnatal growth patterns could not be studied in detail in our study, the above findings on children are consistent with a modifying effect of maternal smoking on associations of size at birth with overweight in adolescence and the higher risk of overweight in the offsprings of Social and early-life determinants of obesity I Koupil and P Toivanen smoking mothers seen in our study. Other studies indicate that maternal smoking during pregnancy affects obesity in the offspring, 23, [25] [26] [27] 36 independent of size at birth, 36, 37 and a number of potential mechanisms such as neuroendocrine and metabolic dysregulation, [36] [37] [38] decrease in breastfeeding, 38 persistent behavioural effects in the offspring 26 or sociodemographic confounding 33, 37 are being discussed. We believe that further analyses that include a consideration of how mother's smoking modifies the postnatal growth patterns and metabolism in the offspring throughout childhood and adolescence will help uncover the precise mechanisms. Clustering of unhealthy eating habits, smoking, low physical activity and other social disadvantage remains an alternative plausible mechanism underlying the transmission of social gradient in overweight and obesity from parental to the offspring generation. Given the body of evidence on the tracking of BMI from childhood to adult age, 39, 40 it is important to acknowledge the importance of early childhood as a critical period for development of food and flavour preferences, and the ability to self-regulate the food intake. 41 Other characteristics of the child, the child's parents and home environment, such as parental modelling, restriction on children's food intake, pressure and encouragement may also influence the development of overweight and obesity during this early period, 41 and should be considered another area of opportunity in attempts to reduce the social inequalities in overweight in the offspring generation. Maternal overweight and maternal smoking are the strongest determinants of offspring overweight and its social patterning, and should be a priority for public health policies. Policies on child and adolescent obesity should include the prevention of smoking and overweight in women of childbearing age.
